The growth of nanostructured physical vapor deposited thin films at oblique angles is becoming a hot topic for the development of a large variety of applications. Up to now, empirical relations, such as the so-called tangent rule, have been uncritically applied to account for the development of the nanostructure of these thin films even when they do not accurately reproduce most experimental results. In the present paper, the growth of thin films at oblique angles is analyzed under the premises of a recently proposed surface trapping mechanism. We demonstrate that this process mediates the effective shadowing area and determines the relation between the incident angle of the deposition flux and the 2 tilt angle of the columnar thin film nanostructures. The analysis of experimental data for a large variety of materials obtained in our laboratory and taken from the literature supports the existence of a connection between the surface trapping efficiency and the metallic character of the deposited materials. The implications of these predictive conclusions for the development of new applications based on oblique angle deposited thin films are discussed.
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I. INTRODUCTION
Physical vapor deposition (PVD) of thin films at oblique angles is known for being a reliable technique to synthesize nanostructured and sculptured thin films with anisotropic properties, such as dichroism, birefringence or anisotropic resistivity. [1] [2] [3] This anisotropy combined with their high open porosity [4] [5] [6] [7] are essential for other applications such as Bragg reflectors with tunable optical response, 8 templates for nanocomposite films, [9] [10] [11] [12] broad band antireflection coatings, 13, 14 optical microresonators, 15 light emitting diodes, 16 photovoltaic cells, 17 advanced plasmon photocatalysis, 18, 19 microfluidic sensors, 20 transparent conductive electrodes 21 and many others. In this technique, a given material is sublimated in a vacuum reactor, either thermally or assisted by an electron beam, yielding vapor species that follow straight trajectories in a "line of sight" configuration with respect to the substrate, and giving rise to thin films with well-defined tilted nanocolumnar structures. Indeed, these structures represent a key feature for the implementation of other applications linked to well-defined intercolumnar spaces in the film, thus making it suitable as a host or template for further material manufacturing. In reference 20 for instance, we have recently demonstrated that the relative orientation of 3 nanocolumns in stacks of TiO 2 /SiO 2 layers directly determined the efficiency of the material as a Bragg reflector. Also, in reference 22 it is proven that the inherent structural anisotropy of the tilted array of nanocolumns induces a direction-dependent electrical bistability when embedded in a polymer matrix, thus opening numerous possibilities regarding anisotropic applications. Furthermore, in reference 23 it is shown that the tilt angle of the columnar structures had a tremendous influence in the total surface area of the layers, indicating that any specific application that requires maximum specific area, e.g., for light or molecule surface collection, is strongly mediated by the tilt angle of these structures.
Due to the relevance of this issue, much work has been devoted in the literature to understand the connection between the angle aligning the evaporation source and the growing film,  , and the tilt angle of the columns,  , a relation of great importance to foresee the development of the abovementioned anisotropic nanocolumnar structure and, hence, the film properties. [24] [25] [26] [27] [28] Yet, the formulas proposed to link  and  are known to provide first estimations, but fail when systematically applied to actual thin films prepared by PVD at oblique angles. For instance, the so-called tangent rule
is known for providing good estimations of  when  is kept below 60º, but fails for higher incident angles. 24 Moreover, by employing a purely ballistic model, Tait et al. 25 proposed the so-called cosine rule, 1 cos arcsin 2 4 that yields good results for some materials but fails for others. An implicit assumption in these rules is that the relation between  and  is purely geometrical and, thus, independent of the nature of the deposited material, a hypothesis that can be considered doubtful for most conditions. 29 In reference 30, following similar philosophy than in previous works, [31] [32] [33] [34] we developed a Monte Carlo ballistic model to describe the PVD deposition of thin films at oblique angles and at low temperatures. In that work, we proposed that short-range interactions between vapor species and the film surface could influence the film growth through a so-called surface trapping mechanism. In contrast with classical ballistic models, where the deposition species follow straight trajectories up to their impingement on the film, this mechanism considers that vapor species moving at distances from the surface below 3-4 angstroms may modify their trajectory under the action of short-range (e.g., electrostatic and/or van der Waals) interactions. 35 The assumption of a trapping mechanism in the growth model yielded a remarkable agreement between experimental and simulated nanostructures of TiO 2 thin films, as well as an accurate prediction of the relation between  and  for this material. In this paper we aim at proving the general occurrence of this mechanism in a broad range of PVD conditions at oblique angles for numerous materials: keeping this purpose in mind, we have analyzed numerous experimental data obtained in our laboratory and taken from the literature. It has been concluded that, in most cases, the widely and uncritically utilized empirical rules (i.e., tangent and cosine rules) are unable to properly explain the dependence of the columnar growth on the deposition system and the evaporated material, and that concepts such as angular broadening of the vapor flux and/or the surface trapping efficiency are required 5 to properly describe the morphological evolution of the films during growth, as well as to tailor their nanostructure for final applications.
II. METHODOLOGY

A. Experimental method
SiO 2 , Ta 
B. Simulation
The growth model used is described in detail in reference 30. Vapor particles arriving at the substrate are considered to follow a narrow Gaussian angular distribution function with nominal angle  and variance  . Thus, it is assumed that they arrive at the film with an average angle defined by  , being  a measure of the possible angular broadening of the vapor flux associated to the finite size of the source and/or the system geometry. The model also assumes that vapor species follow straight trajectories until 6 they hit the surface, where they stick with probability 1. However, when they move 3-4 angstroms away from the surface, it is considered that these may bend their trajectory due to short-range interactions with the film surface and stick at that location with probability t s , the so-called surface trapping probability. Consequently, in this description, the value of  is determined by the geometry and size of the deposition set-up, regardless of the chemical nature of the evaporated material, whereas Unfortunately, the different behaviour of these oxide materials indicates that predicting the actual value of t s for a film with a certain composition is not straightforward at present. An additional difficulty in this regard is that, for many materials, sublimation produces more than one chemical species which, most likely, would interact differently with the film surface. In these cases, the trapping probability should be understood as an average over each species' trapping probability. For illustration purposes, in Figure 5 Moreover, a given material deposited in different experimental setups (e.g., the two sets of TiO 2 films in Figure 2 ) is described by a single curve corresponding to an unique value of t s , whereas different materials deposited in the same experimental setup are well described by a single value of  (this effect is noticeable by comparing TiO 2 and Ti produced in our laboratory and Ag and Ni from reference 29). We would also like to stress that for 60º   , the solutions of our model follow the curve defined by the tangent rule, eq.(1), which is known to be valid for low values of  , 24 a fact that further supports the validity of the model. These evidences strongly suggest that the surface trapping 11 mechanism is actually a relevant process that strongly influences the film nanostructuration and the columnar growth in PVD of thin films at oblique angles.
Finally, we would like to remark that in this paper we have not analyzed the effect of thermally-induced mobility processes. As mentioned above, our model assumes a Zone I growth of the SZM purely governed by surface shadowing effects, so the analysis is only valid for films grown at low temperatures. Although some thermal processes should be 
IV. CONCLUSIONS
Going beyond the common growing process schemes in the literature, in this [28] Ni [28] Ag [28] Si [28] 
